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In Brief
The regulation of the intracellular trafficking of cellulose synthase (CESAs) complexes plays a crucial role in modulating the level of cellulose synthesis in plants. Polko et al. identify two paralogous novel plasmamembrane-localized proteins that negatively regulate cellulose synthesis by inhibiting the exocytosis of CESAs.
SUMMARY
Cell walls play critical roles in plants, regulating tissue mechanics, defining the extent and orientation of cell expansion, and providing a physical barrier against pathogen attack [1] . Cellulose microfibrils, which are synthesized by plasma membrane-localized cellulose synthase (CESA) complexes, are the primary load-bearing elements of plant cell walls [2] . Cell walls are dynamic structures that are regulated in part by cell wall integrity (CWI)-monitoring systems that feed back to modulate wall properties and the synthesis of new wall components [3] . Several receptor-like kinases have been implicated as sensors of CWI [3] [4] [5] , including the FEI1/FEI2 receptor-like kinases [4] . Here, we characterize two genes encoding novel plant-specific plasma membrane proteins (SHOU4 and SHOU4L) that were identified in a suppressor screen of the cellulosedeficient fei1 fei2 mutant. shou4 shou4l double mutants display phenotypes consistent with elevated levels of cellulose, and elevated levels of non-crystalline cellulose are present in this mutant. Disruption of SHOU4 and SHOU4L increases the abundance of CESA proteins at the plasma membrane as a result of enhanced exocytosis. The SHOU4/4L N-terminal cytosolic domains directly interact with CESAs. Our results suggest that the SHOU4 proteins regulate cellulose synthesis in plants by influencing the trafficking of CESA complexes to the cell surface.
RESULTS
Disruption of the FEI1 and FEI2 receptor-like kinases (RLKs) results in a range of cell-wall-related phenotypes as a result of decreased cellulose levels, including short and swollen roots in the presence of elevated sucrose or salt, hypersensitivity to the cellulose biosynthesis inhibitor isoxaben, thickened hypocotyls and stamens, and impaired formation of cellulose rays in seed mucilage [4, 5] . In order to identify new elements regulating cell wall synthesis, we screened for genetic suppressors of the fei1 fei2 swollen root phenotype and identified the shou4-1 mutant ( Figures 1A, 1B , and S1A). shou4-1 also suppressed fei1 fei2 when heterozygous, indicating that it is dominant ( Figure 1B ). Next-generation mapping revealed that shou4-1 resulted from a transition mutation in an intron donor site in the gene At1g78880 that leads to the adoption of a cryptic splice site. The resultant mRNA encodes a predicted protein with a 15amino-acid deletion relative to the wild-type (Figures 1C and S1B). Introduction of a wild-type SHOU4 genomic transgene (fused to a GFP or mCherry reporter) into a fei1 fei2 shou4-1 line resulted in a full or partial reversion of the shou4 suppression (Figures S1F and S1G). Characterization of a T-DNA insertional allele, shou4-3, also confirmed that At1g78880 corresponds to shou4 (Figures 1C, S1A, and S1C). Similar to shou4-1, the shou4-3 allele is also dominant ( Figure S1E ). The dominant nature of the shou4 mutations coupled with the hypomorphic nature of the shou4-3 allele (Figures 1B, S1D, and S1E) indicates that SHOU4 is haploinsufficient. We examined whether shou4-1 reverts other cellulose-deficient mutants and found that it suppressed or partially suppressed the root swelling phenotypes of procuste1 (cesa6 prc ) [6] and salt overly sensitive5 (sos5) [7] , but not cobra [8] (Figures 1D, 1E , and S1H).
SHOU4 and Its Paralog, SHOU4L, Are Novel Plant-Specific Proteins that Modulate Cell Wall Function SHOU4 encodes a novel protein with no regions of homology to any domains of known function. SHOU4 is predicted to have three transmembrane domains with a cytosolic N terminus (Figures 2A and S2A) . Consistent with this topology prediction, we observed that SHOU4 is localized primarily to the plasma membrane (PM) and does not bind strongly to the cell wall as the majority is retained in the PM following plasmolysis ( Figures S2E  and S2F ). The remnant cell-wall-localized GFP signal likely corresponds to Hechtian strands [11] . SHOU4 is broadly expressed, with the highest level of expression in root tips, the vasculature, and the center of the rosette ( Figure S2G ). In Arabidopsis, SHOU4 has a close paralog (89% amino acid identity) that we have named SHOU4-like (SHOU4L; At1g16860), as well as a more distant paralog (SHOU4L2; At4g22290; 49% amino acid identity; Figures 2A, 2B , and S2A). Orthologs of SHOU4 are present in rice (Oryza sativa), the basal angiosperm Amborella trichopoda, the lycophyte Selaginella moelledorffii, and the moss Physcomitrella patens ( Figure 2B ) but are not found in green algae or in animal or fungal genomes.
Disruption of SHOU4L also suppressed the root swelling phenotype of fei1 fei2 (Figures S2B-S2D). A double shou4-3 shou4l-1 mutant has a wide range of phenotypic defects that are either absent or much milder in the single mutants, (B) Quantification of root length from seedlings grown as in (A). fei1 fei2 shou4-1 +/À indicates an F1 progeny of a cross between fei1 fei2 shou4-1 and fei1 fei2.
(C) Gene model of SHOU4 (At1g78880) with the boxes representing exons and the blue indicating the coding region. The shou4-1 mutation (G /A, red box) is in the 2 nd intron leading to an in-frame deletion of 45 nt (exon 3). Nucleotides depicted in green represent sequences derived from exon 2. The position of the T-DNA insertion in the shou4-3 allele is also indicated. (D) Suppression of cell wall defects in other cellulose deficient mutants by shou4-1. Four-day-old seedlings were transferred from control media to 4.5% sucrose media and the subsequent root growth measured after five days. The bottom panels show a close-up of the root tips. (E) Quantification of root length from seedlings shown in (D). (F and G) Mutations in SHOU4 suppress hypersensitivity of fei1 fei2 to isoxaben that is manifested by radial root swelling (F) and root shortening (G). For (G), fourday-old seedlings were transferred to media containing 2 nM isoxaben and the increase in root length was measured after 24 hr. Values are means (n > 10) ± SEM. Different letters indicate significant differences with lowercase and uppercase letters representing separate analyses. A) Protein models of SHOU4 (At1g78880), SHOU4L (At1g16860), and SHOU4L2 (At4g22290). The % amino acid identity between the proteins is indicated on the right. The alignment was generated with PSI/TM-Coffee package [9] (note that other transmembrane [TM] domain tools, such as Protter [10] , predict two TM domains). (B) Neighbor-joining tree of SHOU4 homologs from Arabidopsis, Oryza sativa, Amborella trichopoda, Physcomitrella patens, and Selaginella moellendorffii. (C) Root tips of wild-type (WT) and shou4-3 shou4l-1 mutants. Note the lack of root hairs in the mutant. (legend continued on next page) suggesting partial functional redundancy. Additional loss of function in SHOU4L2 does not further enhance these phenotypes ( Figure S3A ). At the seedling stage, the shou4-3 shou4l-1 double mutants have very few root hairs, and those that are present are underdeveloped. shou4-3 shou4l-1 roots grow with a slight twist, but there are no major differences in cellular organization in the elongation zone ( Figures 2C and 2D ). Moreover, shou4-3 shou4l-1 double mutants are dwarf with smaller rosettes ( Figures 2E and S3A ) and inflorescences. We examined cells in cross sections of wild-type and shou4-3 shou4l-1 double-mutant inflorescence stems. In general, in the double mutant, cells are smaller and have thinner cell walls ( Figures 2F  and 2G ). Furthermore, in shou4-3 shou4l-1 double mutants, the papillae on the surface of the stigma are substantially underdeveloped, which likely contributes to the partial infertility of the double mutant ( Figures S3B and S3C ). The fei1 fei2 shou4-3 shou4l-1 quadruple mutant was comparable in size to the wildtype ( Figure 2E ), which indicates that disruption of FEI1 and FEI2 suppresses the dwarfism of shou4-3 shou4l-1. This indicates that FEI1 and FEI2 act throughout development to modulate cell wall synthesis.
Isoxaben inhibits cellulose biosynthesis and induces radial cell swelling in rapidly growing cells [12] . fei1 fei2 mutant roots, which have reduced cellulose biosynthesis, are hypersensitive to isoxaben [4] , and this is suppressed by shou4 mutations ( Figures  1F, 1G , and S1I). In contrast to fei1 fei2, the shou4-3 shou4l-1 double mutant displays reduced sensitivity to isoxaben as compared to the wild-type in both roots and etiolated hypocotyls ( Figures 2H, 2I , S2H, S3D, and S3E). Short-term exposure of Arabidopsis hypocotyls to isoxaben increases the occurrence of small CESA compartments (SmaCCs) or microtubule-associated cellulose synthase compartments (MASCs) [13] [14] [15] . We tested whether the uniform PM distribution of SHOU4 was altered upon isoxaben treatment but observed no substantial changes in SHOU4 localization ( Figure S3F ). Remarkably, treatment with a low concentration of isoxaben reverted the root hair defects of shou4-3 shou4l-1 seedlings ( Figure 2H ). Root hair development is initiated by a local wall acidification and expansin-dependent, site-specific cell wall loosening in trichoblasts [16, 17] .
Arabidopsis seeds contain a mucilage layer on their surface that is released upon seed imbibition. This mucilage is composed primarily of pectin but also contains hemicelluloses and cellulose that play important structural roles [5, 18] . Cellulosic rays anchor a portion of the mucilage to the seed surface and can be visualized by staining with either calcofluor or Pontamine Fast S4B [19] . Cellulose-deficient mutants, such as cesa5, sos5, fei2, or cobl2, have reduced levels of calcofluor and Pontamine S4B staining in seed coat mucilage [5, 20] that reflects reduced cellulose ray formation. In contrast to these mutants, shou4-3 shou4l-1 seeds showed significantly increased calcofluor and Pontamine S4B fluorescence ( Figures 2J and 2K ), suggesting that their mucilage contains elevated levels of cellulose.
In sum, these results suggest that SHOU4 proteins negatively regulate cellulose synthesis based on: (1) shou4 and shou4l mutations suppress the phenotypes of mutants with reduced cellulose; (2) the dwarf shou4 shou4l phenotype is reverted by fei1 fei2, mutations that reduce cellulose biosynthesis; (3) the shou4 shou4l mutant is less sensitive to the cellulose inhibitor isoxaben; (4) disruption of SHOU4/SHOU4L inhibits root hair emergence, and this is reversed by treatment with isoxaben; and (5) the double shou4 shou4l mutant displays increased cellulose levels in seed mucilage. Thus, we analyzed cellulose levels in the shou4 shou4l mutant.
shou4 shou4l Mutants Have Elevated Levels of Amorphous Cellulose Contrary to our expectations, the amounts of crystalline cellulose in the double shou4-3 shou4l-1 mutant was comparable to that of wild-type ( Figure 3A) . Nevertheless, the cell walls of doublemutant shoots contained significantly more glucose than wildtype but comparable quantities of all other monosaccharides ( Figure 3B ). The only polysaccharides in these cell wall extracts that are comprised solely of glucose are callose and amorphous cellulose. Callose levels in the mutant are comparable to those in the wild-type ( Figure S3G ). Amorphous cellulose can be detected using Bacillus-derived carbohydrate binding module 28 (CBM28) [22, 23] . We conducted immunocytochemistry using His-tagged recombinant CBM28 coupled with immunogoldlabeled anti-His antibodies [24] . Within the secondary cell walls of the interfascicular fibers, CBM28 binding was more abundant in the shou4-3 shou4l-1 mutant ( Figures 3C and 3D ), which, together with our other data, suggests that disruption of SHOU4 and SHOU4L results in elevated levels of amorphous cellulose.
SHOU4 Proteins Control Abundance at the PM through Negatively Regulating CESA6 Exocytosis
In vascular plants, cellulose is organized into microfibrils that are synthesized by PM-localized cellulose synthase (CESA) complexes (CSCs) that move along cortical microtubules [25] . Primary cell wall microfibrils are synthesized by CSCs that contain CESA1, CESA3, and CESA6-like proteins, whereas the cellulose in secondary cell walls is made by CESA4, CESA7, and CESA8 [2] .
Neither CESA transcript nor protein levels were elevated in the shou4-3 shou4l-1 mutant ( Figures S4A-S4D ). However, measurements of the CESA6-yellow fluorescent protein (YFP) particles in epidermal cells in the root elongation zone revealed that there was increased particle abundance at the PM in the double shou4-3 shou4l-1 mutant that was exacerbated when seedlings were transferred to media containing elevated sucrose ( Figures  4A and 4B ). Wild-type root cells responded to elevated sucrose concentrations by internalizing CESA6-YFP, whereas CESA6-YFP in the shou4-3 shou4l-1 background was insensitive to exogenous sucrose. We also observed a similar increase in CESA6-YFP signal in epidermal cells of etiolated hypocotyls ( Figure 4C ) grown in the absence of sucrose, which we subsequently used as a model for studying CESA6-YFP trafficking. The increased CESA abundance, however, did not result in changes in the velocity of CESA particles in the mutant (Figures S4E and S4F; Video S1). Despite comparable velocities, we noticed that CESA6-YFP particles in shou4-3 shou4l-1 mutants traveled along more closely aligned paths. Subsequent measurements of particle directionality showed that, despite unchanged average trajectory angles (wild-type [WT] 45.1 ± 2.3 ; shou4-3 shou4l-1 44.4 ± 1.8 ), the variance of the trajectory angles was smaller in shou4-3 shou4l-1 (Figures S4G and S4H). These results suggest that the higher density of the CESA particles in the shou4-3 shou4l-1 mutant increases the probability that the movement of one particle influences the trajectory of adjacent particles.
These results suggest that SHOU4 and SHOU4L likely influence trafficking of CESA proteins between the PM and intracellular compartments. We used fluorescent recovery after photobleaching (FRAP) to quantify the rate of exocytosis of CESA proteins to the PM [15, 27] . In WT hypocotyls, we observed a delivery rate of approximately 6 particles/mm 2 hr À1 , consistent with previous observations [15] ( Figure 4D ; Video S2). The shou4-3 shou4l-1 double mutant displayed a significant increase in the rate of particle delivery ( Figure 4D ), suggesting that the increased density of CESA6-YFP at the PM in the mutant is the result of an increased rate of exocytosis. We assessed a delivery rate of a different PM protein, PIN1, and observed a slight, non-significant, decrease in FRAP of PIN1-GFP in the double shou4-3 shou4l-1 mutant ( Figure S4I ). Based on these results, we conclude that the WT SHOU4 and SHOU4L proteins negatively regulate CESA delivery to the PM.
We investigated the possibility that SHOU4 proteins directly interact with CESAs. Using a yeast two-hybrid assay, we found that the intracellular N-terminal domains of SHOU4/4L interacted strongly with the central cytoplasmic domain of CESA1 and weakly with CESA3, but not appreciably with CESA6 ( Figures  4E and S4J ). The CESA1 interaction was corroborated using a co-immunoprecipitation assay ( Figure 4F ). Based on these results, we hypothesized that the interaction between SHOU4 and CESA may define the rate of CESA exocytosis and that the levels of SHOU4 proteins play a central role in regulating this process. Consistent with this, a subset of lines overexpressing SHOU4 from its own promoter (SHOU4::SHOU4) displayed root tip swelling and reduced root elongation when grown in the presence of 4.5% sucrose ( Figures 4G and 4H) , correlating with the levels of SHOU4 overexpression ( Figure 4I ). This result, combined with the haploinsufficiency of SHOU4, indicates that the stoichiometry of the SHOU4-CESA complex might define the level of CESA exocytosis.
DISCUSSION
Here, we describe a group of novel plant-specific proteins that regulate the level of CESA complexes at the cell surface by modulating the rate of CESA exocytosis. Disruption of SHOU4 and SHOU4L leads to severe pleiotropic defects, suggesting that they regulate cellulose biosynthesis throughout plant growth and development. The elevated CESA complex density at the cell surface in the double shou4-3 shou4l-1 mutants and the resultant increase in the rate of cellulose synthesis explain the shou4-mediated suppression of the cell expansion defects of cellulose-deficient mutants, such as fei1 fei2, sos5, or prc cesa6 . Likewise, the suppression of shou4-3 shou4l-1 dwarf phenotype by fei1 fei2 is likely a consequence of cellulose levels being reduced by the fei mutations back to a level that is compatible with optimal growth and development. Similarly, our data indicate that inhibition of cellulose biosynthesis through application of isoxaben facilitates the re-emergence of root hairs in shou4-3 shou4l-1 mutants. This suggests that the increased level of cellulose in shou4-3 shou4l-1 inhibits the emergence of root hairs, likely by rendering the localized loosening of the wall insufficient (legend continued on next page) for turgor pressure to push out the emergent hairs in the trichoblast cells. Consistent with this, mutants with reduced levels of cellulose, such as prc1, can display bulging trichoblasts or develop extra root hairs [28] .
The enhanced density of CESA complexes at the PM in shou4-3 shou4l-1 seedlings, surprisingly, does not lead to an increase in the levels of crystalline cellulose but rather an increase in amorphous cellulose. The higher number of CESA particles at the cell surface might lead to non-optimal synthesis of cellulose, perhaps due to an inability to channel-sufficient substrate to an increased number of active CESA complexes or to insufficiency of another component involved in cellulose synthesis, such as KORRIGAN [29] . A recently developed model suggests that newly formed cellulose protofibrils go through a temporary disorganized stage before subsequent crystallization [30] . Thus, the increased density of CESA complexes in the shou4-3 shou4l-1 double mutant might lead to entanglement of the newly synthesized polymers, delaying crystallization of the microfibrils.
Several elements involved in CESA trafficking have been identified. Recent studies have highlighted the importance of efficient clathrin-mediated endocytosis of CSCs and the role of TWD40-2 and AP2M proteins in this process [31, 32] . The ap2m-1 (m2) mutant, which is compromised in endocytosis, displays increased density of PM-localized CESA6-YFP particles, indicating that mis-regulation of trafficking can increase the density of CESAs at the cell surface [31, 33, 34] . The twd40-2 mutant also has elevated PM-localized CESA6-YFP but, unlike the apm2 mutant, has reduced levels of crystalline cellulose. TWD40-2, together with AP2M, might remove faulty CSCs from the PM. The reduced crystalline cellulose content in twd40-2/twd40-2 ap2m mutants has been hypothesized to result from an inability to internalize catalytically inactive CESAs [32] .
Regulation of CSC exocytosis has not been well studied. Recent findings indicate a role for the V-ATPase and STELLO (STL) proteins in CSC assembly and exocytosis [33, 34] , but the mechanism involved in the fusion of CSC-containing vesicles with the PM is unknown. stl1 stl2 double mutants have reduced CSC insertion rates at the PM. Interestingly, despite the superficial resemblance of shou4-3 shou4l-1 and stl1 stl2 mutants (both are dwarf with thinner cell walls), there are multiple contrasting phenotypes, including the levels of cellulose in the seed mucilage and sensitivity to isoxaben. A recent study highlights a new role of the CESA-and CSI1-interacting protein PATROL1 (PTL1) in assisting the delivery of CESAs to the PM [35] . To our knowledge, SHOU4 and SHOU4L are the first proteins shown to negatively regulate CSC exocytosis. We demonstrate that the cytoplasmic domains of SHOU4 and SHOU4L interact with the central domain of primary CESAs; however, the mechanism by which the SHOU4 proteins inhibit the exocytosis of CESA complexes remains an open question. The haploinsufficiency of SHOU4 and the negative effect of even modest SHOU4 over-expression on proper root elongation suggest that the level of the SHOU4 proteins is critical to their function. We favor a model in which the interaction of CESA and SHOU4 generates a signal that feedbacks to negatively regulate CESA exocytosis. Such a ''counting'' model is consistent with the sensitivity of the system to SHOU4 protein levels. Alternatively, SHOU4/4L might act directly by interacting with the exocytotic machinery at the PM to inhibit delivery of CESA particles.
Our studies have uncovered a novel protein family that interacts with CESAs and regulates their exocytosis, thereby ensuring the optimal abundance of CESA complexes at the PM. Disruption of the SHOU4 genes leads to multiple defects throughout development, likely as a result of overproduction of cellulose that interferes with the regulation of cell expansion in multiple contexts. These results highlight the importance of CESA trafficking as a critical mechanism to regulate cellulose synthesis to facilitate the dynamic regulation of wall synthesis during multiple developmental processes.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
The WT Columbia-0 (Col-0) was use in all experiments. The T-DNA insertional alleles shou4-3 (GK793F10), shou4l-1 (SALK_001751), shou4l-2 (SALK_205329) and shou4l2-1 (SALK_029810) were obtained from the SALK T-DNA collection [45] . The fei1, fei2 [4] , sos5-2 [7] prc-1 cesa6 [6] , cob-1 [8] , CESA6-YFP [25], PIN1-GFP [39] alleles have been previously described. Plants were genotyped using primers listed in Table S1 . The prc-1, cob-1 and shou4-1 were genotyped using a dCAPS method [46] . 
METHOD DETAILS
Plant growth and generation of constructs
For root elongation assays, seeds were surface-sterilized, plated on media containing 1 x Murashige and Skoog (MS) salts (Research Products International), 0.6% phytagel (Sigma, St Louis, MO, USA) and either 0% or 4.5% sucrose, stratified for 2-4 days at 4 C and subsequently grown at 22 C under constant light. When specified, seedlings were first grown for 4 days and then transferred onto media containing either 0% or 4.5% sucrose. For etiolated hypocotyl experiments, seeds were plated on media containing 1% sucrose, stratified for 3 days, exposed to light for 3 h and subsequently grown in the dark at 22 C for 3 days. For isoxaben treatment of roots, seedlings were first grown on media containing no sucrose and at 4 days post germination transferred onto media with a 0.1% ethanol (vehicle control), 1 nM or 2 nM isoxaben (Santa Cruz Biotechnology) for 18-24 hours. Root width measurements were performed at the level of the youngest root hair and hypocotyl width measurements were conducted just below the apical hook. For the isoxaben treatment of 3d-old etiolated CESA6-YFP; SHOU4-mCherry hypocotyls, seedlings were incubated for 3 hours in MS media containing 200 nM isoxaben in dark with gentle shaking. The SHOU4 translational fusions with GFP/mCherry were created by amplifying the promoter and genomic sequence of At1g78880 and cloning it first into pENTR/dTOPO and subsequently into the pGWB4 binary vector [40] or a modified (mCherry) version of pGWB4. The SHOU4::GUS promoter fusions were created by amplifying the 627 bp sequence upstream of At1g78880 and cloning it into the pGWB3 binary vector [40] . The Y2H and coIP constructs were generated in a similar manner. First, the sequences of the appropriate domains of SHOU4, SHOU4L, CESA1, CESA3 and CESA6 were cloned into the pENTR/dTOPO (Primers are listed in Table S1 ). Subsequently, they were cloned into the binary vectors (Y2H; bait -pBMTN116c-D9 and prey-pACT2; coIP -pEarleyGate201/203 (pEG201 and pEG203)) have previously been described [37, 41] . Note all constructs were verified by sequencing.
To study the nature of shou4-1 mutation, we transformed WT and fei1 fei2 shou4-1 plants with the WT sequence of the SHOU4::SHOU4:GFP/mCherry. Homozygous T3 progeny of T2 plants that segregated for the transgene in a 3:1 ratio (transgenic:WT) were used. For the GUS assay, T2 seedling from five independent transformation events were stained and representative individuals were chosen for imaging. To create a CESA6-YFP; SHOU4-mCherry double transgenic line, we transformed CESA6-YFP plants with the SHOU4::SHOU4:mCherry construct and imaged T2 seedlings. We chose individuals that displayed fluorescence of both YFP and mCherry proteins.
Mapping of shou4-1
To identify shou4-1, we used the Next Generation Mapping tool [47] . The fei1 fei2 mutations (Columbia-0, Col-0 ecotype) were introgressed into Landsberg erecta (Ler) ecotype as described by Steinwand et al. [38] . The fei1 fei2 shou4-1 (Col-0) triple mutant was outcrossed to the fei1 fei2 (Ler) mutant and the phenotype of the individuals from the F2 progeny was scored. DNA pools containing WT or mutant DNA were subjected to Illumina sequencing and the data then analyzed using the Next Generation Mapping (NGM) tool [47] , which bins and plots SNP frequencies in 250 kb intervals across the Arabidopisis genome. Regions lacking in SNPs correspond to non-recombinant blocks created by linkage to the causative mutation [47] . The background fei1 and fei2 mutations, which are T-DNA insertion alleles, localize to the upper arm of chromosome 1 and the lower arm of chromosome 2, respectively [4] and, since they created non-recombinant blocks in the genome, were identified in the SNP plots created using NGM ( Figure S1B ). An additional non-recombinant region was identified near the end of chromosome 1 ( Figure S1B ). We analyzed differential SNPs in this non-recombinant region in reference to the annotated genome. NGM uses a 'discordant chastity' (Ch D ) value to quantify the proportion of reads at a polymorphic site that differ from the reference genome. We set the Ch D to 0.8 and identified a G/C/A/T transition in At1g78880 ( Figure 1C ). Sanger sequencing of AT1G78880 in both the fei1 fei2 parent and in the fei1 fei2 shou4-1 suppressor confirmed the presence of the G/C/T/A substitution. Consistent with the fact that shou4-1 lies within a splice site, comparison of the sequences of SHOU4 cDNA from the suppressor and WT revealed alternative splicing of SHOU4 mRNA in the fei1 fei2 shou4-1 mutant ( Figure 1C) .
Protein alignment and phylogenetic tree SHOU4, SHOU4L and SHOU4L2 protein alignment and prediction of transmembrane domains were generated using the PSI/TM-Coffee package http://tcoffee.crg.cat/apps/tcoffee/do:tmcoffee) [9] . The neighbor-joining phylogenetic tree of SHOU4 homologs was created using the MEGA6 software [42] .
Calcofluor and Pontamine S4B mucilage staining
The calcofluor fluorescent brightener 28 (Sigma) staining was performed as described by [5] . Seeds were incubated in 25 mg/ml calcofluor for 30 min, washed in water and observed in Zeiss LSM710 confocal microscope with a 405 nm-laser diode. Pontamine Fast Scarlet S4B (Sigma) was done as described [19] . Seeds were stained for 30 min in 0.01% Pontamine Fast Scarlet S4B (Sigma) in 1 x MS media, washed for 2 hours in water and then visualized using a Zeiss LSM710 confocal microscope equipped with a 561 laser.
Light, confocal laser scanning and transmission electron microscopy
Cross sections of the root elongation zone were prepared and imaged as described [4] . Roots, stigmas and GUS-stained seedlings were imaged using bright field microscopy. Hypocotyls were photographed using a Nikon D7000 camera. SHOU4-GFP, (KPL 95058-730) for 1 h at room temperature (at concentrations 1:30000, 1:10000, 1:20000, 1:10000 for CESA1, CESA3, CESA6 and TUBULIN, respectively), washed in TBST and developed using SuperSignal West Femto Maximum Intensity Substrate (Thermo Fisher Scientific). Chemiluminescence was visualize using the ChemiDoc Touch Imaging System (Bio-Rad) and quantified using the Image Lab software relative to the non-specific band (roots) or TUBULIN (Sigma) (shoots). The generation and specificity of Anti-CESA1, CESA3, and CESA were previously describe [36] or affinity purification of antibodies from crude serum, the CESA3-2 or CESA6-1 peptides were conjugated to Sulfo-Link Resin (Thermo) and affinity purification proceeded according to manufacturer's instructions.
Yeast two-hybrid and co-immunoprecipitation assays The yeast two-hybrid assay was conducted as described previously [52] . Briefly, the L40ccaU strain was transformed by indicated plasmids as described in [53] . Transformants were selected on Leu -Trpmedia and the presence of plasmids was confirmed by colony PCR. Cell suspensions of transformed yeast were grown overnight and 7 ml of each transformation was spotted on Leu -Trp -(control) or Leu -Trp -His -Uramedia to test the interaction. The X-Gal staining was performed as described by [54] and the yeast colonies were incubated at 37 C for 1h. The GV3101 strain of Agrobacterium was transformed with plasmids containing the myc-SHOU4, HA-CESA1 and p19 suppressor. 4-week-old Nicotiana benthamiana leaves were infiltrated with the appropriate vectors following the protocol described by [55] . After 48h, the leaves were flash frozen in liquid nitrogen, ground and the coIP was conducted using the mMACS Epitope Tag Protein Isolation Kit (Miltenyi Biotec). Total protein extracts were incubated in cold lysis buffer supplemented with protease inhibitor cocktail, (cOmplete ULTRA Tablets, Mini, EDTA-free, EASYpack Protease Inhibitor Cocktail; Roche). The coIP was followed by immunoblotting. Blots were probed with the appropriate antibodies: primary anti-HA high affinity antibody, 3F10, monoclonal (Roche) followed by a secondary antibody goat anti-rat IgG-HRP:sc-2006 (Santa Cruz Biotechnology) for detection of HA and primary c-Myc Antibody (9E10): sc-40 antibody followed by a secondary antibody chicken anti-mouse IgG-HRP: sc2954 (Santa Cruz Biotechnology) for detection of myc. Signal was detected with SuperSignalWest Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific).
Analysis of Arabidopsis cell wall polysaccharides
For each genotype, 9 to 16 mg of lyophilized Arabidopsis root or shoot material was ground using a steel ball for a total of 2 min at 30 Hz using a ball mill (Retsch MM400). Alcohol-insoluble residue (AIR) was obtained by sequentially washing the ground material once with 1 mL of 70% ethanol, once with 1 mL of chloroform:methanol (1:1 v/v), and once with 1 mL of acetone. After each washing step, the AIR was pelleted by centrifugation (20,000 g for 5 min), and the supernatant was carefully discarded. After the final wash, the pellet was resuspended in 300 mL of acetone, and dried in a fume hood overnight. Crystalline cellulose content in 2 to 3 mg of dry wall AIR was quantified using the Updegraff assay [21], essentially as previously described [56] . Following treatment with the Updegraff reagent, the pellet was washed once with 1.5 mL of water, and once with 1.5 mL of acetone. After each step, the samples were centrifuged for 15 min at 20000g, and the supernatant was carefully discarded. After drying the pellet overnight at room temperature, the amount of glucose was analyzed in triplicate with the colorimetric Anthrone assay [56] . Arabidopsis shoot samples were de-starched similar to a published protocol [56] . Approximately 2 mg of wall AIR was mixed with a 500 mL of 0.1 M phosphate buffer (pH 7.0) containing 1 mL of thermostable a-Amylase (Sigma Aldrich, A3403-500KU) and 10 mL of Pullulanase (Sigma Aldrich, E2412-50ML). Tubes were incubated at 80 C in a thermomixer (300 rpm) for 30 min, briefly cooled on ice, then mixed horizontally at 225 rpm for 20 h in a 37 C incubator. The undigested material was pelleted (2 min at 20000 g), and washed with twice with 1.5 mL of water, and once with 1.5 mL of acetone before drying. Monosaccharide composition of destarched AIR (1 to 2 mg) was determined using high-performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD), using a published method [57, 58] with minor modifications. After hydrolyzing the material with 1 M trifluoroacetic acid, 150 mL of each supernatant was dried and myo-Inositol was added as an internal standard. Samples were subjected to HPAEC-PAD using a Metrohm system (889 IC Sample Center and 940 Professional IC Vario).
QUANTIFICATION AND STATISTICAL ANALYSIS
Root, hypocotyl length and width measurements, cell size, secondary cell wall thickness and CESA6-YFP particle densities in root epidermal cells were conducted with the FIJI software using a line tool [43] . Cell size and cell wall thickness were measured using the area tool. For the particle density analysis, Z stack images were processed with the maximum intensity projection tool and the detection of PM-localized CESA6-YFP particles was done using threshold function and measuring the thresholded area within a selected ROI. CESA6-YFP density was determined by outlining an individual cell in ImageJ with the polygon selection tool, measuring the area, and detecting YFP-CESA6 particles using the Find Maxima tool with a noise tolerance of 500. Calcoflur and pontamine S4B fluorescence was measured using the FIJI software [43] and the total corrected fluorescence was calculated as described in [59] . Particle speed and trajectories were tracked and quantified using Imaris 7.2 (Bitplane) with an estimated particle diameter of 0.25 mm and a minimum track duration of 30 s. Detected particles with speeds greater than 600 nm/min were excluded from speed analysis because they likely represent YFP-CESA6 signal from intracellular compartments but could not be excluded from trajectory measurements. For determination of YFP-CESA6 delivery rates, ROIs of individual cells were bleached by 100% power 488 nm laser exposure for 4 s, and recovery of fluorescence was detected via time-lapse imaging (10 min recovery with 10 s intervals). Particle delivery events were assessed following 2D deconvolution specific for YFP emission using the AutoQuantX2 software (Media Cybernetics, Rockville, MD) to allow for differentiation of individual YFP-CESA6 particles in close proximity. Particles were identified manually, and verified for typical CSC motility as previously described [27] . After counting the number of insertion events and determining GFP-CESA3 density within the ROI at 2, 4, 6, 8, and 10 min, a linear regression was produced to calculate the estimated particle delivery rate for each ROI. For the FRAP analysis of PIN1-GFP lines, the images were process using FIJI software [43] as described by Walser et al. [60] and FRAP was calculated using the easyFRAP software [44] .
